Objectives: qnr genes are plasmid-mediated quinolone resistance genes. Five qnr families have been described with several alleles (7 alleles of qnrA, 53 alleles of qnrB, 1 allele of qnrC, 1 allele of qnrD and 6 alleles of qnrS). Their detection requires a PCR specific for each qnr family and further sequencing for allele characterization.
Introduction
Quinolones are one of the most frequently prescribed antibiotics. qnr genes were the first plasmid-mediated quinolone resistance genes, described in 1998. 1 They encode pentapeptide repeat proteins that protect DNA gyrase and topoisomerase IV from quinolone inhibition. Five families have been described so far: qnrA, qnrB, qnrC, qnrD and qnrS. 2 These genes differ amongst each other by at least 30% of the nucleotide sequence, and amino acid identity between the Qnr proteins ranges from 41% to 60%.
2 Although they confer a low level of quinolone resistance, they significantly reduce the activity of fluoroquinolones. 3 Consequently, detection of qnr genes among clinical bacterial isolates is worthwhile. This detection is usually done by PCR requiring specific primers amplifying each of the qnr families. Several alleles have been reported for each gene, an allele being defined by a variation of at least one amino acid in protein sequence and no more than 10% in nucleotide sequence. 2 Alleles are numbered consecutively in a qnr library (http://lahey.org/qnrStudies) with, so far, # The Author 2012. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com J Antimicrob Chemother 2012; 67: 2635 -2639 doi:10.1093/jac/dks292 Advance Access publication 31 July 2012 7 alleles of qnrA, 53 of qnrB, 1 of qnrC, 1 of qnrD and 6 of qnrS. They are identified only by PCR sequencing.
The aim of this study was to develop a method able to characterize the alleles of the qnr genes in a single assay. We previously described a multiplex real-time PCR assay able to detect the five qnr genes. 4 We herein improved our method using the high-resolution melting analysis-based assay (HRMA) for characterizing the qnr alleles. HRMA is a recognized method to distinguish between two similar melt curves, which differ only by a single nucleotide polymorphism. 5, 6 We assumed that HRMA would be effective for discriminating qnr alleles, thus avoiding conventional sequencing. Such an assay can lead to highthroughput detection and characterization of qnr genes among clinical bacterial isolates with antibiotic resistance.
Materials and methods
The method was tested on clinical and reference strains, listed in Table 1 , previously characterized for their qnr alleles by PCR sequencing. The method was then applied to detect and characterize the qnr allele in 55 multidrug-resistant strains collected in 2009 at Hô pital Robert Debré (Reims, France) and Hô pital Lariboisière (Paris, France) ( Table 2 ).
DNA extraction was performed using the NucliSens easyMAG (bioMérieux, Marcy l'Étoile, France) according to the manufacturer's recommendations. Each DNA extract was calibrated at 40 ng/mL using the Pico 100 (Picodrop, Saffron Walden, UK) to allow maximum reproducibility in each run.
The multiplex real-time PCR was performed in the LightCyclerw LC480 (Roche Molecular Diagnostics, Germany) using the HRM Supermix (Roche Molecular Diagnostics, Germany), as previously described. 4 The first assay included the 10 reference strains harbouring the alleles qnrA4, qnrB1, qnrB2, qnrB4, qnrB6, qnrB14, qnrB8, qnrC, qnrD and qnrS1, which were used as positive controls. Normalized and temperature-shifted difference curves were plotted using qnrA4, qnrB1 and qnrS1 as references for the qnrA, qnrB and qnrS genes, respectively.
Simplex HRMA-PCR assays were also performed for each qnrA, qnrB and qnrS gene in order to characterize alleles using more control strains of each allele. For qnrA and qnrB, the protocol was the same as for the multiplex PCR. In the simplex HRMA-PCR assay characterizing the qnrA allele, all the qnrA-positive controls were used. For characterizing the qnrB allele, we had to distribute the qnrB alleles into four groups in order to avoid testing simultaneously all the qnrB-positive controls. The groups were defined on the basis of the profiles observed in the multiplex real-time PCR: (i) the qnrB4 group included qnrB3, qnrB4, qnrB10, qnrB11, qnrB12 and qnrB13; (ii) the qnrB6 group included qnrB6, qnrB17 and qnrB7; (iii) the qnrB8 group included qnrB5, qnrB8 and qnrB19; and 
this study qnrS4 Salmonella enterica Stanley FJ418153 E. Nielsen a qnrS2 was chemically synthesized by GeneCust (GeneCust, Luxembourg) based on the nucleotide sequence deposited (http://lahey.org/qnrStudies; accession number DQ485530) and cloned into a pUC18 vector, which was transformed by electroporation into E. coli DH10B (Invitrogen, Cergy-Pontoise, France).
(iv) the qnrB14 group included qnrB14, qnrB15 and qnrB18. Four qnrB assays were therefore set using the appropriate qnrB-positive controls, adding also qnrB1 in each PCR assay. Normalized and temperatureshifted difference curves were plotted using qnrA4 for qnrA and qnrB1 for each qnrB group. For characterizing the qnrS alleles, we had to amplify the entire qnrS gene. Briefly, the simplex PCR assay used the primers qnrSseqF (5 ′ -ATGGAAACCTACMRTCAYACA-3 ′ ) and qnrSseqR (5 ′ -YTAGTCAGGAWAAACAACAAT-3 ′ ) and the following thermocycling program: 1 cycle of 958C for 10 min and 40 cycles of 958C for 10 s, 608C for 10 s and 728C for 20 s, with a high melting resolution from 50 to 958C with 25 acquisitions/8C. Normalized and temperature-shifted difference curves were plotted using qnrS1. All HRMA were performed using the LC480 gene scanning software module. For normalization, the LC480 software automatically assigned the pre-melt and post-melt slider settings.
Results
qnr detection in the collection of the clinical isolates was performed by multiplex PCR. It resulted in 28 qnr-positive strains with 8 strains with qnrA, 16 with qnrB and 4 with qnrS (Table 2) .
Regarding qnrA, the six qnrA alleles harboured by the control strains were distinguished by HRMA (Figure 1a) . Consequently the qnrA allele present in the eight positive clinical isolates was identified as qnrA1, in accordance with conventional sequencing. Although qnrA2 was not tested, in silico analysis showed that this gene would be distinguished from other qnr alleles using HRMA.
Regarding qnrB, the six qnrB alleles tested in the multiplex PCR showed distinct HRMA profiles (Figure 1b) , and genes belonging to qnrB4 and the qnrB6 groups were identified (Figure 1c and  d) . For the qnrB5 and qnrB14 groups, all alleles were differentiated except qnrB5 from qnrB19 ( Figure 1e ) and qnrB14 from qnrB18 (Figure 1f ). Among the clinical isolates, the qnr genes were characterized using HRMA as qnrB1 in four isolates, qnrB2 in five isolates, qnrB4 in three isolates, qnrB8 in one isolate and qnrB5 or qnrB19 in one isolate (qnrB5 was distinguished from qnrB19 after sequencing). HRMA results were concordant with those of conventional sequencing. The remaining two qnrB alleles did not match any of the qnrB alleles tested. Conventional sequencing revealed two new qnrB alleles: qnrB25 and qnrB42 (accession number HQ172108 and JN680743, respectively). Performing in silico analyses, we showed that our assay could easily differentiate 32 alleles out of the 51 sequences deposited in the qnr databank. It appears more difficult to differentiate qnrB8 and qnrB21 from qnrB38, qnrB2 from qnrB20, qnrB9 from qnrB24, qnrB5 from qnrB19, qnrB14 and qnrB18 from qnrB30, qnrB33 from qnrB27, qnrB34 from qnrB12, and qnrB36 from qnrB46. For these latter alleles, allele identification should be confirmed by conventional sequencing.
Regarding the qnrS gene, the three qnrS alleles were clearly identified using HRMA-simplex PCR of qnrS (Figure 1g ). Considering in silico analyses of qnrS nucleotide sequences, HRMA may be able to identify the three remaining alleles: qnrS3, qnrS5 and qnrS6. Among the clinical isolates, three qnrS1 alleles and one qnrS2 were detected. Sequences were in accordance with conventional sequencing.
Discussion
For qnrA and qnrS, HRMA can be performed in a one-step method using the multiplex PCR assay since all alleles can be tested simultaneously as positive controls. However, to avoid testing all the qnr-positive controls in each experiment, we proposed a two-step method. The first step detects the qnr genes using the multiplex PCR, whereas the second step characterizes the qnr allele using a simplex real-time PCR coupled to HRMA. Because the qnrB alleles are numerous, we had to separate them into different groups according to the shape of the difference curves obtained using HRMA. This two-step strategy better enabled us to distinguish one difference curve from another according to the qnrB allele.
We showed that qnrA and qnrS alleles and most of the qnrB alleles can be detected and characterized using our two-step HRMA-PCR method. This method is quicker than combining PCR detection with conventional sequencing. Since HRMA requires minimal time ( 4 h from the DNA extraction) and is a cost-effective method ( 2 euros for one allele characterization), HRMA is also a high-throughput method and can be used to screen a large number of clinical isolates for qnr gene detection and characterization of qnr alleles. Our assay is thus a promising tool to characterize qnr genes in clinical isolates. Even if some of the qnrB alleles cannot be distinguished, a qnrB allele can be assigned to one qnrB group, as is done for the CTX-M b-lactamases. 7 Since a high number of different qnrB alleles have been described to date, once grouping the qnrB, conventional sequencing may be necessary for a sizeable Figure 1 . Normalized and temperature-shifted difference plots for qnr allele discrimination by HRMA. The LC480 gene-scanning software module automatically calculated the difference curves after normalization and temperature shift. First, melt curves were normalized to 100% (at the beginning of the melting) and 0% (at the end of the melting). Second, normalized melt curves were temperature shifted to the temperature at which the entire double-stranded DNA was denatured. The temperature shifting of the curve allows comparisons between samples. Finally, the fluorescence difference curves were obtained by subtracting each curve from the base curve taken as a reference. number of qnrB-positive isolates. Finally, our method may even detect for new qnr alleles, such as qnrB25 and qnrB42 described herein.
In our collection, qnrA and qnrB were the most prevalent qnr genes, as previously reported in epidemiological surveys, and were mainly detected in Enterobacter spp. and K. pneumoniae. The most often reported qnr alleles are qnrA1, qnrB1, qnrB2, qnrB4 and qnrB7, and these alleles are clearly distinguished using HRMA. 8 It should be noted that qnrB25 was detected in a Citrobacter freundii isolate, which is considered a source of qnrB genes. 9 As proposed by Stephens et al. 10 for the spa repeat region of Staphylococcus aureus, the development of a standard library of qnr HRM curves can now be started. We think that this open access library would help in characterizing qnr alleles using HRMA in laboratories that cannot test all the qnr-positive control strains. HRMA for qnr allele characterization
